Abstract: Molecular and clinical studies have linked vitamin D (vitD) deficiency to several aspects of muscle performance. For this retrospective cross-sectional study data from 297 male (M) and 284 female (F) healthy recreational athletes were used to evaluate the prevalence of vitD deficiency in athletes living in Austria and to determine whether serum 25-hydroxyvitamin D (25(OH)D) correlates with maximal (P max ) and submaximal physical performance (P submax ) measured on a treadmill ergometer. The data were controlled for age, season, weekly training hours (WTH), body mass index (BMI) and smoking status. 96 M and 75 F had 25(OH)D levels ≤ 20 ng/mL. 25(OH)D levels showed seasonal variations, but no seasonal differences in P max and P submax were detected. M with 25(OH)D levels ≤ 20 ng/mL had significantly lower P submax (p = 0.045) than those with normal levels. In F no significant differences in P max or P submax were detected. Stepwise multiple regression analysis including all covariates revealed significant correlations between 25(OH)D levels and P max (β = 0.138, p = 0.003) and P submax (β = 0.152, p = 0.002) in M. Interestingly, for F significant correlations between 25(OH)D and both P max and P submax disappeared after adding WTH to the model. In conclusion, our data suggest that 25(OH)D status is associated with physical performance especially in M, while in F, WTH and BMI seem to affect the correlation.
Introduction
The discovery of vitamin D and its role in musculoskeletal pathways at the end of the 20th century has led to a significant decline in cases of rickets in children, with the awareness about vitamin D deficiency and its consequences getting a second boost at the moment [1] .
Vitamin D is known for its critical role in musculoskeletal health through maintaining a homeostasis of calcium and phosphate by enhancement of their absorption in the small intestine [2] thus preventing bone fractures and falls, especially in older populations [3, 4] . Moreover it has been proposed to play an important part in reducing the risk of multiple types of cancer [5, 6] as well as several autoimmune diseases [7, 8] and osteoarthritis [9] . A recent meta-analysis of observational studies by Ekmekcioglu et al. [6] showed that higher 25(OH)D levels are associated with lower risks for type 2 diabetes mellitus and colorectal cancer. Additionally vitamin D deficiency was shown to be associated with higher blood pressure [10] , obesity [11] and higher blood lipid levels [12] .
personal best results at races. Following the medical check-up height, body weight and body fat were measured. Afterwards athletes performed an incremental performance test on a treadmill ergometer to subjective exhaustion supervised by a sports scientist. To ensure valid test results, all athletes were asked to refrain from doing any sports, drink enough fluid and have a full carbohydrate-based supper on the day prior to the performance test and to make sure that their last food intake was two hours before the test. According to the gathered information on training habits and race performance, the fitting protocol for the performance test was chosen. For athletes with half marathon minimum times under 2 h or 10 km minimum times under 60 min the following protocol was used: Initial running speed started at 6 km/h with increments of 2 km/h every 3 min. This protocol has been proven sufficient for incremental performance tests of amateur athletes [37, 38] .
At the beginning of the test blood lactate and glucose concentration were determined from capillary blood drawn from the earlobe at rest using "SUPER GL ambulance" (Dr. Müller Gerätebau GmbH, Freital, Germany), a glucose and lactate measurement unit working with a compact sensor. During the test, the treadmill was stopped after each exercise level to determine lactate and glucose concentrations. Heart rate was measured continuously using telemetered electrocardiogram (ECG) recordings and blood pressure was checked regularly. P max was defined as highest possible speed (km/h) until subjective exhaustion. While maximal performance represents the overall fitness, submaximal performance is far more important to athletes as it determines their training status. During an incremental performance test lactate levels form a characteristic curve [39, 40] with a slight increase at the beginning due to accumulating lactate as long as heart rate and capillary dilatation have not adapted, and then stabilization just above baseline when oxidative phosphorylation is responsible for the mean part of energy production. There is a rise in lactate levels as the intensity increases and anaerobic glycolysis begins to take part in ATP production. Within this transition between aerobic and anaerobic energy production oxidative energy supply is no longer sufficient to keep up with the rising need for ATP. The capacity of mitochondria is pushed to its limits resulting in exponential rise in lactate levels as pyruvate production exceeds lactate clearance marking the individual anaerobic threshold (IAT). By measuring glucose levels in addition to lactate only we were able to be more precise in continuously determining which energy substrate was used. We calculated IAT using the concept of Dickhut et al. [41] , one of several lactate threshold concepts that can be used to determine submaximal performance and has been proven sufficient for performance diagnostics [42, 43] .
All healthy recreational athletes aged 18 to 65, who had performed their performance diagnostic test on a treadmill ergometer between 1 July 2013 and 1 February 2017 with valid data on serum 25(OH)D levels were included in the study. 25(OH)D levels were tested in separate laboratories individually prior to the performance test. The main method used was the protein binding immunoassay using "Elecsys ® Vitamin D total II" (Roche Diagnostics AG, Rotkreuz, Schweiz), which has been shown to accurately measure 25(OH)D levels [44] . Patients who had had their blood taken over three months prior to their performance test were excluded. All patients who had performed their performance test on a cycle ergometer were excluded. To ensure valid data, only athletes following the protocol mentioned above were included in this study. A total of 581 healthy athletes (284 females and 297 males) were included (Tables 1 and 2 ). They were considered healthy as long as there were no medical contraindications for stress tests such as unstable cardiac disease or acute inflammatory disease [45, 46] . Out of these only 224 female and 253 male athletes had their body fat measured. Body fat was therefore not included in further statistical analyses. Apart from body fat levels the data of all the athletes were complete. Several statistical tests were performed to test whether vitamin D levels are associated with P max or P submax . Males and females were analysed separately because the expected high variance in performance parameters would distort the results for possible correlations with 25(OH)D.
For further statistical analysis calculated BMI levels were divided into two groups of normal (BMI < 25 kg/m 2 ) and overweight/obese (BMI ≥ 25 kg/m 2 ), and a cut off value of 25(OH)D levels of 20 ng/mL [35] , was used to separate athletes according to their vitamin D levels into groups with sufficient and "insufficient" vitamin D status.
A two-tailed statistical significance was accepted at the p < 0.05 level. Seasonal differences in 25(OH)D levels and P max or P submax were calculated using an ANOVA. Unpaired t-tests were used to assess the association of P max and P submax between groups of sufficient (serum 25(OH)D > 20 ng/mL) and "insufficient" (serum 25(OH)D ≤ 20 ng/mL) vitamin D status and to determine differences in P max , P submax and serum 25(OH)D levels between athletes with normal BMI and overweight athletes as well as differences in P max and P submax between smokers and non-smokers. Additionally, an ANCOVA was performed to test for influencing variables (age, BMI, WTH and smoking status). Simple associations between primary, secondary and exploratory parameters were tested by Pearson correlations. Finally, stepwise multiple regression analyses were performed to determine whether the obtained exploratory parameters affected the correlation between vitamin D levels and performance. Four models were created for P max and P submax in male and female athletes, respectively. After performing regression analysis for 25(OH)D as an independent and P max and P submax as dependent variables, consecutively, the following parameter were added to the model: age, weekly training hours, BMI and nicotine abuse.
There were no outliers in the data as assessed by inspection of boxplots. Most of the parameters were normally distributed as verified by the Kolmogorov-Smirnov test and inspection of histograms. For those parameters that did not show normal distribution additionally non-parametric tests were performed for comparison, with similar results. All analyses were performed with IBM © SPSS software (Version 23, IBM Inc., Armonk, NY, USA).
Results
Female athletes showed non-significantly higher serum 25(OH)D levels than male athletes ( Figure 1 ). 75 females and 96 males had 25(OH)D levels ≤20 ng/mL. Therefore, according to the cut off levels defined by the IOM out of all the included athletes 26% of females and 32% of males would have an "insufficient" vitamin D status. However, if our data were analysed according to the US Endocrinology Society guidelines 66% of females and 76% of males would have insufficient vitamin D levels (≤30 ng/mL). As expected, our results showed that 25(OH)D levels varied significantly between seasons with lowest values in winter and highest values in summer in female (F = 11.538, p = 0.000) and male athletes (F = 22.345, p = 0.000), respectively ( Figure 2) . Furthermore, our results showed that 57% percent of our athletes had vitamin D levels ≤30 ng/mL even during the summer months of July, August and September, however only 8% had levels ≤20 ng/mL. There were no seasonal differences for P max and P submax (data not shown) but male athletes with sufficient (>20ng/mL) 25(OH)D levels showed significantly higher P submax levels compared to those with levels ≤ 20 ng/mL (Figure 3) . In females the difference in P submax was insignificant (p = 0.08). Any detected differences between vitamin D groups (≤20 ng/mL vs. > 20 ng/mL) in P max and P submax for both male and female athletes were insignificant when controlled for modifying variables (age, BMI, WTH, smoking status) (data not shown). Concordant with other findings [47] P max and P submax were significantly lower in overweight males compared to those with normal BMI (p < 0.001) with no significant difference in 25(OH)D levels between the two groups (data not presented). In female athletes we found significant differences in P max , P submax and 25(OH)D (Table 3) . No significant differences in P max and P submax were found between smokers and non-smokers in male and female athletes (data not shown).
In female athletes significant correlations at the p = 0.05 level were found for 25(OH)D and P max (r = 0.143) as well as for 25(OH)D and P submax (r = 0.141), while in male athletes only the correlation between 25(OH)D and P submax (r = 0.139) reached the level of significance. Even though significant correlations were shown between 25(OH)D and P max and P submax in female athletes and between 25(OH)D and P max in male athletes, correlation coefficients were low. Furthermore, after applying a Bonferroni correction for multiple testing with a new p value of < 0.001 only few correlations would remain significant (Tables 4 and 5 ). In multiple regression analyses different models were used to study the effect of WTH, BMI and smoking status on the association between 25(OH)D and performance (Tables 6 and 7) . Unexpectedly, the results differed greatly between males and females. In male athletes the correlation between 25(OH)D and P max became more significant in model 2 once age was added as an independent parameter (p = 0.006) ( Table 7) . Further inclusion of other covariates slightly increased the significance. The correlation between 25(OH)D and P submax was already significant in model 1 (p = 0.017) and remained significant. In female athletes the significant correlation between 25(OH)D and P max disappeared after adding WTH to the analysis (Table 6 ). After adding BMI and nicotine abuse in model 4 the correlation becomes even more insignificant (p = 0.923). Multiple regression analysis for P submax and vitamin D in female athletes revealed similar results. 
Discussion
The major findings of our study are that there is a small but significant correlation between vitamin D status and parameters of endurance performance, especially in male athletes. In female athletes the correlation seems to be influenced to a greater extent by other biological and lifestyle factors like WTH, BMI and nicotine abuse. Accordingly, we found significant correlations between 25(OH)D and WTH as well as BMI in females only. Compared to earlier studies that have yielded controversial results as to whether vitamin D deficiency is linked to physical performance in athletes our findings show only a mild significant correlation between 25(OH)D and performance parameters. Most studies have shown a correlation between vitamin D status and muscle strength parameters [22] [23] [24] [25] 48] , it is therefore possible that vitamin D has a greater effect on muscle performance than it has on endurance parameters.
A systematic review and meta-analysis from 2014 including 23 articles with 2313 athletes from the UK, Ireland, Spain, France, the USA, Australia and Middle Eastern Countries showed a prevalence rate of 56% for vitamin D inadequacy (serum 25(OH)D levels <80 nmol/L = 32 ng/mL) [34] . Compared with these results, our findings revealed even higher prevalence rates. Furthermore, when dividing our data into groups of athletes with sufficient and insufficient vitamin D status, the choice of cut-off levels markedly influences the prevalence of athletes with vitamin D deficiency. The percentages of athletes with sufficient and insufficient vitamin D status are almost exactly reversed when cut-off levels are changed from 20 to 30 ng/mL
The issue of optimal vitamin D cut-off levels has been intensively discussed over the last decades and remains unsolved. For example, based on biochemical findings Heaney at el. suggested that optimal serum concentrations start at the turning point in 25(OH)D kinetics of 88 nmol/L (35.2 ng/mL) [49] . In terms of bone mineral density (BMD), lower-extremity function, falls, dental health and colorectal cancer prevention Bischoff-Ferrari et al. [3] found 25(OH)D concentrations to be most advantageous starting from 75 nmol/L with best concentrations between 90 and 100 nmol/L (36-40 ng/mL), hence also supporting the claim of a higher cut off level.
The German Nutrition Society [50] proposes a daily vitamin D intake of 20 µg for adolescents and adults under 65 years and 20-25 µg per day for populations older than 65 years in case of absent endogenous vitamin D synthesis as the majority of people were found to achieve 25(OH)D levels >50 nmol/L with a supplementary intake of 20 µg/d during the winter months in a study published in 2008 by Cashman et al. [51] .
In our data an expected variance in vitamin D levels was observed throughout the seasons, but seasonal differences were detected in neither P max nor P submax . These findings stand partly contradictory to earlier findings that have detected significant differences in physical fitness parameter dependent on season or exposure to UVB radiation [52] [53] [54] [55] [56] [57] . While our data include a sample of hobby athletes most of the cited studies have included a small number of elite athletes or have analysed other outcome parameter for physical performance (i.e., VO 2 max, heart rate variability, strength). Direct comparison with these findings might therefore not be suitable to interpret our results.
In accordance with this, it is not surprising that we found no significant correlation between 25(OH)D and P max for both male and female athletes. However, the findings for P submax revealed a small correlation that was significant in men and almost significant in women, suggesting that P submax and vitamin D levels might be linked in some way.
An interesting result was the significant correlation between 25(OH)D and WTH in female but not male athletes. One plausible explanation for this discrepancy could be that female athletes do more outdoor training. However, we did not find studies showing these gender specific differences in training habits. An earlier study by Sparling and Cureton revealed no significant differences in the effect of performance determining variables, like cardiorespiratory capacity, body fat and running economy on distance running performance between similarly trained males and females. The authors however found that body fat accounted for the greatest part of gender differences in running performance [58] .
As opposed to male athletes, the data for female athletes also showed a slight significant negative correlation between 25(OH)D levels and BMI. There is a known difference in distribution of body mass between men and women. While the percentage of lean body mass in men is significantly higher, women have an average of 7-9% higher amount of body fat [59] . A higher BMI in female athletes is therefore more likely to be associated with higher body fat. As vitamin D is mostly stored in adipose tissue, this might be a possible explanation for the negative correlation with BMI in female athletes [60] . Also, inhibition of adipogenesis by 1,25(OH) 2 D has been discussed [61] . VDR and hydroxylation enzymes have also been detected in adipose tissue indicating a possible regulative role of vitamin D [11] . Whether vitamin D levels are a consequence of higher body fat or might possibly contribute to it is not clear.
The most prominent gender differences were shown in multiple regression analyses. In male athletes, for both maximal and submaximal performance, age, weekly training hours and BMI seem to stabilize the correlation with 25(OH)D. By contrast, the significant correlation between 25(OH)D and P submax or 25(OH)D and P max in female athletes is hardly influenced by age but is reduced remarkably by weekly training hours and BMI. These findings match the correlations mentioned above. Seemingly, weekly training hours and BMI in female athletes affect 25(OH)D levels in a way that decreases their effect on performance. Although a specific reason for this effect remains unclear, different factors might have played a role like more relevant body weight changes in women compared to men or differences in health awareness that lead to higher supplementation of vitamin D. Considering that elite athletes in particular have been found to rely on supplementation to reach their required intake for several minerals and vitamins [62] it cannot be ruled out that athletes who do more training take more supplementation and might therefore show a better performance. However, given the cross-sectional study design it is not possible to evaluate causal relationships in this triangle. Nevertheless, the primary aim of this study was to detect correlations between vitamin D levels and performance.
Other gender specific factors that should be considered to influence the relationship between vitamin D and performance include biochemical factors, like hormonal differences. For example, Heaney et al. reported that vitamin D binding protein (DBP) levels are increased during pregnancy and estrogen therapy [49] . However, due to the tight self-regulation through feedback mechanisms the concentration of free 1,25(OH) 2 Similarly, two studies have found gender related differences in FGF-23 in infants [63, 64] . Considering the newest finding on the role of FGF-23 in vitamin D regulation [14] , the gender differences found might be partly due to this connection. However another study group identified significant associations between FGF-23 and age but not gender [65] . Recent genomic investigations by Miettinen et al. [66] showed that age is involved in the association between SPNs and 25(OH)D, however no significant differences for gender were detected.
The main limitation in our study is that no interpretation on causality is possible, as is the case in all observational studies. In terms of data it also must be stated that the included measurements of serum 25(OH)D levels have been made at several individual laboratories and therefore no standardized measurement method could be ensured. However, all measurements have been undertaken in qualified and listed laboratories in Vienna, thus guaranteeing certified quality.
Conclusions
To conclude, the effects of vitamin D on muscle and physical performance are a topic still under investigation. While numerous studies have concentrated on specific targets of vitamin D metabolites and their intracellular effects, the definite consequences of those effects remain unclear in many cases. Observational studies that have been conducted have shown that vitamin D status might correlate with several aspects of physical performance but need to be followed by randomized controlled trials with sufficient sample size, predetermined cut-off levels and precise research aims. Moreover, as 25(OH)D cut-off levels determine the necessity to prescribe vitamin D supplementation in daily practice, a consensus in this field is sorely needed. Future studies might aim directly at answering the question whether vitamin D levels of 20 or 30 ng/mL make a difference in performance as well as many other health outcome parameters.
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